Anthracnose caused by Colletotrichum lindemuthianum (Sacc. & Magnus) Lams.-Scrib. is a major disease affecting common bean (Phaseolus vulgaris L.) crops worldwide. Response to five C. lindemuthianum isolates, classified as races 3, 6, 7, 38, and 73, were analyzed in 156 F 2:3 families derived from the cross between line SEL1308 and cultivar Michigan Dark Red Kidney (MDRK). SEL1308 was resistant to all five races, while MDRK was susceptible to all except for race 73. Segregation ratio for response to races 3 and 7 indicated that single dominant genes were responsible for the resistance reaction to each race. Recombination between both race-specific genes was observed and no linkage was found with any of the molecular markers tagging Co-genes or clusters previously described. Linkage analyses allowed the location of both genes at the beginning of linkage group (LG) Pv03, a region tentatively named as Co-17. Segregation ratio for response to races 6 and 38 indicated that two dominant and independent genes conferred resistance to these races. Contingency tests and subpopulation analyses suggested the implication of one region on LG Pv08, corresponding to the Co-4 cluster, and the Co-17 region. For reaction to race 73, the most likely scenario was that two dominant and independent genes conferred resistance: Co-1 in MDRK and Co-4 2 in SEL1308. Results indicated that, in addition to Co-4 2 , SEL1308 carries resistance genes located at the beginning of LG Pv03, in which no anthracnose resistance genes were previously mapped. In silico analysis revealed the presence of seven genes codifying typical resistance proteins (R-proteins) in the underlying physical position of the Co-17 region.
D
iseases are major limitations to common bean production. Anthracnose, caused by the ascomycete fungus C. lindemuthianum, can result in a devastating disease in common bean, particularly in temperate regions. The pathogen can attack all aerial parts of bean plants and cause damage leading up to 100% yield loss in extreme cases (Singh and Schwartz, 2010) . Common management practices to prevent the disease include crop rotation or use of specific fungicides and host plant resistance.
The response of bean plants to the pathogen usually exhibits a qualitative mode of inheritance. It is a very specific interaction, so that one resistance gene protects against specific isolates of the fungus . Many pathogenic variants or races have been described using the same set of 12 differential cultivars, a standardized resistance test, and a standardized nomenclature system to name the races (Balardin et al., 1997; Balardin and Kelly, 1998; Mahuku and Riascos, 2004; Ferreira et al., 2008) . Different anthracnose resistance loci conferring resistance to specific races (designated as Co-followed by a number or a letter) have been described in common bean. In general, anthracnose resistance genes show complete dominance, where the dominant allele conditions the resistance reaction. Domi nant epistatic inheritance has usually been observed in the presence of several resistance genes, although a complementary mode of action between two resistance genes was described in some cases (Campa et al., 2011 (Campa et al., , 2014 Muhalet et al., 1981) . Most of the anthracnose resistance loci reported have also been located in the genetic map, and markers tagging these genes are available: genes Co-1, Co-x, and Co-w were mapped on LG Pv01 (Rodríguez-Suárez et al., 2007; Geffroy et al., 2008) ; Co-u on Pv02 (Geffroy et al., 2008) ; Co-13 on Pv03 (Gonçalves-Vidigal et al., 2009); Co-3, Co-9, Co-y, Co-z Co-10 , and Co-15 on Pv04 AlzateMarin et al., 2003; Méndez-Vigo et al., 2005; Rodríguez-Suárez et al., 2007 Sousa et al., 2013) ; , and Co-v on Pv07 (Geffroy, 1997; Campa et al., 2009 ); Co-4 on Pv08 (Melotto et al., 2004; Rodríguez-Suárez et al., 2007) ; CoPv09 on Pv09 (Campa et al., 2014) ; and Co-2 on Pv11 (Adam-Blondon et al., 1994) . Allelic variants of Co-1, Co-3, and Co-4 have been proposed from the differences observed in the resistance spectrum between different bean genotypes. Genetic mapping of genes conferring resistance to specific races indicated that these Co-genes are not distributed randomly in the genome, but are organized in clusters of race-specific resistance genes .
Breeding line SEL1308, derived from the differential cultivar G2333 (Young and Kelly, 1996) , is one of the bean genotypes in which resistance to anthracnose has been most studied. In this line, a dominant gene conferring resistance to races 73 and 1545 was described (Young et al., 1998) . Results from complementary tests suggested that SEL1308 shared this resistance gene with differential cultivar TO (Young et al., 1998) . However, the fact that race 2047 was virulent to cultivar TO but avirulent to line SEL1308 was used to deduce that the resistance gene in SEL1308 was a different allele 2 ) at the Co-4 locus (Young and Kelly, 1996) . Nevertheless, cosegregation for resistance to different races, including races 73 and 1545, was not investigated in the same segregating population, so that the possibility of two independent or closely linked genes involved in the response against these two races cannot be discounted. Locus Co-4 was closely linked to marker SAS13 and was physically mapped to bean chromosome 3, which corresponds to LG Pv08 (Melotto et al., 2004) . Molecular analysis of a genomic region of SEL1308, including Co-4 and marker SAS13, revealed the presence of a cluster of genes encoding for proteins with serine-threonine kinase domains. This type of protein has been associated with plant resistance reaction to pathogens (Dodds and Rathjen, 2010) . Changes in spatial and temporal gene expression were also investigated in the reaction of line SEL1308 to race 73, and several genes involved in hormone biosynthesis and signaling processes seem to modulate the bean response Rodrigues Oblessuc et al., 2012) . Nevertheless, although line SEL1308 exhibits resistance to a wide spectrum of C. lindemuthianum races (Balardin and Kelly, 1998) , only the genetic control of resistance to races 73 and 1545 has been analyzed in detail in this genotype.
Bean genome has been recently assembled and automatically annotated (Schmutz et al., 2014 ). An effort to relate the genetic and genomic data of the species is now necessary, particularly in those traits interesting for plant breeding. In the present study, we investigated inheritance of resistance to five C. lindemuthianum races, including race 73, in a F 2:3 segregating population derived from the cross SEL1308  MDRK. Results indicated that, in addition to the gene mapped on the Co-4 region, SEL1308 carries resistance genes in LG Pv03, a chromosomal region in which no anthracnose resistance genes have been previously mapped. This genetic analysis also allowed an approach to the identification of candidate genes involved in the resistance response using the annotation performed in the sequenced bean genotype G19833.
Materials and Methods

Plant Material
A population of 156 F 2:3 families was developed by selfpollination of F 2 plants obtained from the cross between line SEL1308 and the anthracnose differential cultivar MDRK (see also Supplemental Fig. S1 ). Line SEL1308, provided by Dr. J. Kelly (Michigan State University), derived from a backcross of cultivar G2333 (Talamanca* 2/G2333; Young and Kelly, 1996) . Cultivar G2333 is photoperiod sensitive, which makes it difficult to work with in temperate regions, and exhibits resistance against multiple anthracnose races (96% of races tested by Balardin et al., 1997; Balardin and Kelly, 1998; Mahuku and Riascos, 2004; Ferreira et al., 2008) . Line SEL1308 exhibited a resistant reaction to 97% of the 34 races tested by Balardin and Kelly (1998) . SEL1308 is a middle black-seeded line with indeterminate prostrate growth habit. Cultivar MDRK is a large red-seeded line with determinate growth habit. Cultivars G2333 and MDRK are included in the set of 12 common bean anthracnose differential cultivars used to identify C. lindemuthianum races (Pastor-Corrales, 1991) . The remaining 10 differential cultivars were used as a control to confirm the identity of the C. lindemuthianum races used in this study.
Inoculation Procedure and Disease Scoring
Five isolates of C. lindemuthianum classified in different races according to the set of 12 differential cultivars described by Pastor-Corrales (1991) were used in this work: races 7 and 73 from the collection of the Crop and Soil Sciences Department (Michigan State University, USA); and races 3, 6, and 38 from the SERIDA collection (Asturias, Spain). Races 3, 6, and 38 are commonly found in northern Spain. Race 73 was also evaluated as it has been previously used to identify resistance genes to anthracnose in line SEL1308. All isolates were obtained from monosporic cultures maintained in fungus-colonized filter paper at −20C for long-term storage. To obtain abundant sporulation, the isolates were grown at 21C in darkness for 10 d in potato-dextrose agar (DIFCO, Becton Dickinson and Company). Spore suspensions were prepared by flooding the plates with 5 mL of 0.01% Tween 20 (Sigma-Aldrich) in sterile distilled water and scraping the surface of the culture with a spatula. Inoculations were performed by spraying 10-d-old seedlings per family with a spore suspension containing 1.2  10 6 spores ml −1
. The seedlings were maintained in a climate chamber at 20 to 22C, 95 to 100% humidity, and 12 h photoperiod. Responses of the plants were evaluated after 7 to 9 d using a 1-to-9 scale (van Schoohoven and Pastor-Corrales, 1987) . Seedlings with no visible symptoms (severity value 1) or showing limited necrotic lesions (severity values 2-3) were considered resistant. Seedlings with large sporulating lesions (severity values 4-8) or dead (severity value 9) were considered susceptible. The response to a specific race in the F 2:3 population was evaluated by inoculating 16 to 20 F 3 seedlings per each F 2 family grown in the same tray. Families were individually randomized over the whole climate room. The parents SEL1308 and MDRK and the remaining 11 common bean anthracnose differential cultivars were also included as references in each test. For each race, the F 2:3 families were classified as resistant (RR, when all F 3 individuals were resistant), heterozygous (RS, when F 3 individuals were resistant and susceptible) or susceptible (SS, when all F 3 individuals were susceptible).
Molecular Marker Analysis
Genomic DNA from F 2 plants was isolated using the FastDNA kit (MP Biomedicals) following the supplier's instructions. Concentrations of DNA were quantified photometrically (absorbance measurements between 260 and 280 nm) using a Biomate 3 ultraviolet-visible spectrophotometer (Thermo Scientific).
To identify the genes involved in the resistance to a specific race, a total of 100 molecular markers were analyzed in the segregating population (For more detail see Supplemental Table S1 .): (i) markers tagging those regions in which anthracnose resistance loci were previously located (revised in Ferreira et al., 2013) [Campa et al., 2014] were also included in this analysis; when these markers were not polymorphic in the SEL1308/MDRK population, additional markers were analyzed for each region, considering their relative position in genetic maps); (ii) markers tagging resistance gene analog (RGA) regions (Hanai et al., 2010) ; (iii) InDel markers, which were selected considering their physical position on the bean genome (http://www.beancap.org/ Research.cfm; Moghaddam et al., 2013) ; and (iv) microsatellite markers designed from the P. vulgaris genomic sequence, deposited in the Phytozome V9.1 database (http://phytozome.net/) or the National Centre for Biotechnology Information (NCBI; http://www.ncbi.nlm. nih.gov/). New microsatellite markers were designed as described by Pérez-Vega et al. (2013) . The polymerase chain reaction (PCR) amplifications were performed in 20-L solution containing 25 ng of genomic DNA, 100 mM Tris-HCl, 100 mM KCl (pH 8.3), 4 mM MgCl 2 , 0.2 mM each dNTP (Bioline), 0.2 M each primer, and 1.25 U of BIOTAQ DNA polymerase (Bioline). Amplifications were performed in a Veriti thermal cycler (Applied Biosystems, Life Technologies) programmed according to protocols given in the citations on Supplemental Table  S1 or following the recommendations supplied by the OligoAnalyzer software (www.uku.fi/*kuulasma/OligoSoftware). Random amplified polymorphic DNA (RAPD) marker and sequenced characterized amplified region marker (SCAR) PCR products were resolved on 2% agarose gels. The microsatellite PCR products were resolved on 8% polyacrylamide gels. Agarose and polyacrylamide gels were stained with SYBR Safe (Invitrogen, Life Technologies) and visualized under ultraviolet light.
Genetic Analysis
Goodness of fit of observed to expected ratios was tested by Chi-square test. To identify the genes involved in the resistance response to a specific isolate, a genetic analysis was performed as follows. In those cases in which the observed segregation ratio suggested the presence of one resistance gene, linkage analyses were performed. Linkage analyses were performed with MAPMAKER Macintosh version 2.0 software (Lander et al., 1987) using a log of the likelihood (LOD) ratio threshold of 3.0 and a recombination fraction (RF) of 0.25. Loci order was estimated based on multipoint compare, order, and ripple analyses. Distances between ordered loci (in cM) were calculated using the Kosambi mapping function. The resulting LGs were aligned according to the common bean core linkage map using common molecular markers as anchor points and considering the physical position of markers loci. Linkage groups were named according to Pedrosa-Harand et al. (2008) .
In those cases in which the observed segregation ratio suggested the presence of more than one resistance gene, contingency Chi-square tests were performed for the joint segregation of each resistance score and the markers. Significance thresholds were determinate using Bonferroni correction considering  = 0.05 (Bonferroni, 1936) . A significant deviation from random segregation would suggest the involvement of that specific chromosome region tagged with the marker in the resistance response. The putative position of a resistance gene in a specific region was also investigated through resistance segregation analyses in subpopulations. Two subpopulations per candidate region were established from the original F 2:3 population (see also Supplemental Fig. S1 ). Families included in each subpopulation were selected considering the genotype (MDRK or SEL1308) for the molecular marker, which tag the candidate region investigated. If a resistance gene was located in that particular region, changes in the segregation ratio RR:RS:SS were expected in the two established subpopulations, compared with that of the F 2:3 population. In the subpopulation with the resistant parent genotype for the marker, the resistance gene should be fixed; whereas, in the subpopulation with the susceptible parent genotype, the resistance gene should not be present and the resistance could segregate if a second resistance gene is involved in the reaction.
Resistance genes were named following the nomenclature proposed by the Bean Improvement Cooperative genetics committee (http://bic.css.msu.edu/Genetics.cfm).
Genomic Approach
To identify putative candidate genes involved in control of the resistance reaction to anthracnose specific races, we took advantage of the P. vulgaris genome project deposited in www.phytozome.net V9.1 (Goodstein et al., 2012; Schmutz et al., 2014) . A genomic region was delimited considering the physical position of molecular markers closely linked to the anthracnose resistance genes directly mapped. The annotated function for the predicted genes within the delimited genomic region was investigated, and then new molecular markers were developed using the sequence of those genes whose function has been associated to disease resistance. Developed molecular markers were analyzed in the segregating population to improve the genetic approach.
Results
Segregation for Colletotrichum lindemuthianum Races
Line SEL1308 was resistant to all races, whereas MDRK was susceptible to all races except to race 73. Resistant and susceptible phenotypes were clearly differentiated in the reaction to the five races. Families having an unclear classification after the first tests, were reevaluated to confirm their genotypes. Table 1 shows the segregations observed in the segregating population for response to races 3, 6, 7, 38, and 73. Due to the availability of F 3 seeds, it was not possible to evaluate all F 2:3 families against the five races. Observed segregation for race 7 showed a good fit to a 1RR:2RS:1SS ratio, expected for one dominant gene. Segregation for race 3 deviated from the expected segregation for a dominant gene due to a number of homozygous resistant families lower than the expected in a monogenic segregation. However, the observed segregation to race 3 did not fit to that expected in the case of two independent dominant genes (7RR:8RS:1SS;  2 = 75.9; p = 0) or two independent complementary genes (1RR:8RS:7SS;  2 = 27.07; p = 0) suggesting the most likely situation is that one gene controls the reaction to race 3. Segregation for races 6 and 38 showed a good fit to a 7RR:8RS:1SS ratio, expected for two dominant and independent genes. Segregation for race 73 deviated from the expected segregation for two dominant genes due to an excess of families classified as homozygous resistant. Observed segregation for race 73 also deviated from the expected segregation for three dominant genes ( ). The recombinant nature of these 12 F 2:3 families was confirmed by increasing the number of F 3 individuals evaluated for the reaction to both races. In addition, to confirm the presence of different race specific loci conferring resistance to races 3 and 7 in SEL1308, resistance to both races were tested in the . This result agrees with the assumption that resistance to races 3 and 7 is determined by different loci in the bean genotype SEL1308.
To investigate the localization of both resistance loci, molecular markers linked to the anthracnose genes or clusters and CoPv09) were analyzed in the F 2:3 population. At least two marker loci per Co-cluster or gene were analyzed, except in the case of the Co-2 cluster, for which only marker PV-ag001 was polymorphic and for Co-13, to which only marker OPV20 680 has been described as linked. Genetic linkage between the resistance loci to both races and any of the molecular markers was not found (Table 2) . Linkage between the resistance loci and molecular markers closely mapped to resistance gene analogs (homologous to NB-LRR sequences) was then investigated. Twelve microsatellite markers tagging a total of 15 RGAs mapped by Hanai et al. (2010) were analyzed in this population (Supplemental Table S1 ). These analyses revealed a significant linkage between marker PvM148 and the resistance loci to races 7 (RF = 0.23; LOD = 6.56; Table 2 ) and 3 (RF = 0.25; LOD = 5). These results indicated that the location of these resistance loci was probably at the beginning of LG Pv03. This genetic region was tentatively named as Co-17 because the symbols Co-1 to Co-16 were previously used to describe anthracnose resistance genes or clusters (Coelho et al., 2013; Ferreira et al., 2013; Gonçalves et al., 2010) , and it includes two linked race-specific resistance genes, one conferring resistance to race 7 (R 7 ) and another conferring resistance to race 3 (R 3 ).
Precise Mapping
For a more precise location of the two resistance loci on the Co-17 region (LG Pv03), a set of molecular markers was analyzed, including several markers previously mapped in this position by other authors and new markers developed from the sequence of genotype G19833. Polymorphism was investigated for a total of 36 molecular markers, and 20 were polymorphic and were added to LG Pv03 (Supplemental Table S1 ): six microsatellite markers (PvM148, PVBR255, BMd36, BM159, BMb1203, and BMb339), 13 InDel markers, and the RAPD marker OPV20 680 linked to the Co-13 gene. In all cases the segregations fitted a monogenic mode of inheritance. The resulting LG included 20 marker loci (considering the RAPD marker OPV20 680 ), 10 of them located at one end of the LG (physical position within 0-3 Mbp). Resistance loci R 3 and R 7 were mapped at the beginning of LG Pv03 (Fig. 1) . In a preliminary mapping, the nearest marker to the resistance genes was the InDel NDSU_ IND_3_0.0441 at 9.7 cM from the R 7 gene (RF = 0.07; LOD = 15.30). Marker OPV20 680 , described as linked to Co-13, was mapped in a position distant from the resistance loci (Fig. 1) . For a more accurate approach to the genes, 10 microsatellites (Supplemental Table S2 ; Supplement Fig. S2 ) were developed from the G19833 sequence (within 0-318,714 bp). Four of them were polymorphic and were analyzed in the segregating population (B2, B5, B6, and Pv3_3300a). In the resulting map, the closest marker to one of the resistance genes was B6, which mapped at 7.8 cM of the R 7 gene (RF = 0.077; LOD = 26.88). The codominant microsatellite marker Pv3_3300a was developed from the nucleotide sequence of the gene Phvul.003G003300, coding for a serine-threonine protein phosphatase (Supplemental Table S3 ).
The in silico study around the physical position of marker NDSU_IND_3_0.0441 (44,114 bp) in the sequence reported for the bean genotype G19833 (from a total of 1.5 Mbp explored; www.phytozome.net) revealed the presence of a gene cluster between the physical positions 193,409 and 325,742 bp, including seven genes encoding typical R-proteins with a NB-ARC domain (Phvul.003G002300, Phvul.003G002400, Phvul.003G002500, Phvul.003G002600, Phvul.003G002700, Phvul.003G002800, and Phvul.003G003000; Supplemental Table S3 ) and two peroxidases (Phvul.003G003100 and Phvul.003G003200), which have also been related to defense processes, signaling, and response to stress. Table 2 . Linkage analysis between the gene conferring resistance to race 7 and each one of the markers tagging the clusters Co-1, Co-2, Co-3, Co-4, Co-5, and Co-u as well as the anthracnose resistance genes Co-13 and CoPv09. Microsatellite PvM148 linked to RGA RNF240 was also included.
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Genetic Analyses of the Response to Races 6 and 38
Resistance to races 6 and 38 (cross SEL1308 [R]  MDRK [S]) showed a good fit to a 7RR:8RS:1SS ratio, expected in the case of two independent genes ( Table 1) . The contingency Chi-square values (Table 3 ) deviated significantly from the random segregation expected when compared with markers SAS13 and SH18, tagging the Co-4 resistance cluster (Table 3 ) and the resistance loci located in the Co-17 region. These results indicated that resistance to both races in SEL1308 might be mediated by one resistance gene located at the Co-4 cluster and another gene at the beginning of LG Pv03. To confirm this scenario, several molecular markers, previously mapped by other authors, were added to LG Pv08. The resulting map was formed by 26 loci (Supplemental Fig.  S1 ; Supplement Table S1), distributed across the whole chromosome: 13 InDel markers, seven SCAR markers, Figure 1 . Genetic map for linkage groups Pv03 and Pv08 developed in the F 2:3 segregating population derived from the cross SEL1308  MDRK. Distances between loci (cM) are showed on the left of the locus names. The relative position of two race-specific resistance genes in the Co-17 region directly mapped at the beginning of linkage group Pv03 is indicated; the R 3 gene conferring resistance against race 3 and, the R 7 gene conferring resistance against race 7 in the bean genotype SEL1308. The deduced position of racespecific resistance genes to races 6 and 38 on linkage groups Pv03 and Pv08 are showed. The position of the Co-4 2 gene reported in the genotype SEL1308 and involved in the control of resistance to race 73, is also showed. The chromosome-scale pseudomolecules (Mb) obtained from the web site http://phytozome.net/ is indicated on the left of each linkage group. and six microsatellite markers, one of them developed from the AY341443.1 sequence deposited in GenBank (microsatellite 78L17c; Supplemental Table S2 ). Markers SAS13 and SH18, linked to Co-4 2 , were flanked by NDSU_IND_8_3.0216 and microsatellite 78L17c (Fig. 1) .
Segregation for resistance to races 6 and 38 was investigated in four subpopulations established from the total F 2:3 population considering the genotype for markers B5 (tagging Co-17 region) and SAS13 (tagging Co-4 region; ), most of the families were resistant to race 6, suggesting that this region was involved in the resistance reaction. Observed heterozygous families can be due to genetic recombination between the B5 marker and the resistance gene to race 6. In the M_SAS13 subpopulation (families with MDRK genotype for the dominant marker SAS13; probable genotype co-4 2 co-4 2 ), resistance to race 6 segregated according to a 1RR:2RS:1SS ratio (Table 4) . Linkage analysis using this subpopulation revealed a close linkage between the resistance gene to race 6 and microsatellite marker B5 (RF = 0.09; LOD = 5.61). In contrast, most of the families were resistant to race 6 in the opposite subpopulation (Se_SAS13 subpopulation, families with SEL1308 genotype for marker SAS13; probable genotype Co-4 2 Co-4 2 ). In sum, all evidence confirmed that loci involved in resistance to race 6 were located in these two regions: Co-4 region (Pv08) and the Co-17 region in which loci R 7 and R 3 were directly mapped (Fig. 1) . The same situation deduced for resistance to race 6 fitted the resistance pattern for race 38.
Genetic Analyses of the Response to Race 73
Segregation for resistance to race 73 (cross SEL1308
[R]  MDRK [R]) did not show a good fit either to a 7RR:8RS:1SS or a 37RR:26RS:1SS ratio, expected in the cases of two or three independent genes, respectively ( Table 1 ). The contingency Chi-square values (Table  3 ) deviated significantly from the random segregation expected compared with markers SAS13 and SH18, tagging the Co-4 resistance cluster (LG Pv08; Fig. 1 ), TGA1.1 and ATA3 tagging the Co-1 cluster (LG Pv01), and markers SW12 and g1375 tagging the Co-3 resistance cluster (LG Pv04). These results suggest that three chromosome regions could be associated with the genetic control of resistance to race 73 in this population. To confirm this hypothesis, segregation for resistance to this race was investigated in different subpopulations established from the total F 2:3 population. In the Se_SAS13 subpopulation, susceptible families were not found (58RR:25RR:0SS) while monogenic segregation was observed in the opposite subpopulation (M_SAS13: 4R:17H:6S;  2 1:2:1 = 2.11; p = 0.35). Similarly, in the subpopulation formed for the Co-1 region, using the dominant marker TGA1.1, susceptible families were not detected in the M_TGA1.1 subpopulation (49R:25H:0S) while monogenic segregation was observed in the opposite subpopulation, formed by families with SEL1308 genotype (13RR:16RS:6SS;  2 1:2:1 = 3.06; p = 0.22). These observed results were compatible with the presence of a resistance gene in the Co-1 cluster, derived from MDRK, and another resistance gene in the Co-4 region, derived from SEL 1308. However, a significant association was also observed with markers tagging the Co-3 cluster (Table 3) . Subpopulation formed by families with SEL1308 genotype for SW12 marker exhibited a good fit to a 7RR:8RS:1SS ratio, suggesting the presence of two independent genes (38R:39H:5S;  2 7:8:1 = 0.23; p = 0.89). In contrast, subpopulation formed by families with MDRK genotype for the SW12 dominant marker exhibited a 24RR:4RS:1SS segregation. This result suggests that this region was likely involved in the resistance reaction, since a change in the segregation ratio with respect to the total F 2:3 population would be expected in that case. Thus, it was not possible to discount the presence of a third resistance gene to race 73 in this region. Table 3 . Contingency  2 tests corresponding to the joint segregations for each one of the resistance responses to isolates classified as races 6, 38, and 73 and 13 loci tagging the main anthracnose resistance clusters identified in common bean. Loci conferring resistance to race 3 and 7 (R 3 and R 7 ) mapped on LG Pv03 were also included in these tests.
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Discussion
The use of resistant cultivars is an economical way to prevent yield losses caused by pathogens. The identification of genomic regions involved in resistance responses allows the development of functional molecular markers (closely linked to the gene of interest or developed from the DNA sequence of that gene), which can be used for assisted selection in breeding programs or genetic analysis. These markers can also help to identify candidate genes. The identification or validation of a candidate gene, controlling a particular trait, is usually preceded by a first step in which the locus or loci are located in the genetic map of the species through genetic analysis. In this study we investigated the inheritance of resistance to five C. lindemuthianum races in the well-known bean genotype SEL1308. Results revealed the involvement of two regions in the reaction against races 3, 6, 7, 38, and 73 in SEL1308. One region, located on LG Pv08, corresponding with the genomic region in which the Co-4 cluster was previously mapped, contained genes for resistance to races 6, 38, and 73 (R 6 , R 38 , ). In another region, named as Co-17 and located on the beginning of LG Pv03, two genes for resistance to races 3 and 7 were directly mapped (R 3 and R
7
) and the presence of two genes for resistance to races 6 and 38 were deduced (R 6 and R 38 ). All of them were independent from marker OPV20 680 , described as linked to Co-13, which confers resistance to race 73 in the bean cultivar Jalo Listas Pretas . Resistance gene Co-13 has not been directly mapped and its relative position was inferred from the location of marker OPV20 680 in the linkage map developed from the recombinant inbred line population BAT93/Jalo (named as V20.700; Freyre et al., 1998) . The positions of marker OPV20 680 and resistance genes R 3 and R 7 on the obtained LG Pv03 (Fig. 1 ) indicated that Co-13 was not involved in resistance to races 3 and 7 in SEL1308. Marker OPV20 680 was closely linked to microsatellite marker BMd36 whose nucleotide sequence revealed good alignment with the physical position 45.3 Mb on chromosome 3. In fact, a cluster of four resistance genes (R-genes) encoding for R-proteins has been identified at the end of chromosome 3 (47.3 Mb) in the opposite position to the Co-17 region (Schmutz et al., 2014) . It would not be a surprise that the Co-13 gene is located at this physical position since most of the anthracnose resistance genes were mapped at positions where R-genes were located . Nevertheless, more efforts should be taken for more precise mapping of the Co-13 gene.
Previous studies reported that a single dominant gene on LG Pv08, allelic to Co-4 from the differential cultivar TO and named Co-4 2 , was responsible for the genetic control of resistance against races 64, 73, 521, and 1545 in SEL1308 (Young et al., 1998 ). This conclusion was established from the observed segregation in different F 2 populations. Monogenic segregations were observed in the reaction of the F 2 populations Catrachita  SEL1308 and Black Magic  SEL1308 (S  R) to races 73 and 1545, respectively. In both populations, this resistance gene was linked to the RAPD marker OAS13 950 , suggesting that the same chromosome region was involved in the control of the resistance reaction. The presence of one resistance gene was also suggested from complementary tests using the bean genotypes MDRK (carrying gene Co-1 to race 73), Blackhawk (carrying Co-2 to race 64), Mexico 222 (carrying Co-3 to race 521), TO (carrying Co-4 to race 73), and TU (carrying Co-5 to race 73). However, so far, genetic analysis has not provided evidence confirming that the same resistance gene in SEL1308 confers resistance to all races included in the complementary tests (73, 1545, 64, and 521; Young et al., 1998) . Cosegregation analysis of resistance against all these races would be necessary to clarify this question. Thus, the observed results in the present study were not contradictory with previous reports as we found monogenic segregations in resistance to races 3 and 7.
The majority of the genetic analyses performed by other authors using differential MDRK have considered that resistance to anthracnose (including race 73) is conferred by Co-1 located on LG Pv01. Inheritance of resistance to race 73 in MDRK was investigated in two F 2 segregating populations derived from R  R crosses (Alzate-Marin et al., 2003; Young et al., 1998) . The authors interpreted the observed results considering the Table 4 . Observed segregation for resistance to races 6 and 38 in four subpopulations formed from the original F 2:3 population for the two chromosome regions in which the anthracnose resistance genes were mapped. presence of two resistances genes, one from each parent. However, both observed segregations also showed a good fit to a 63R:1S ratio, expected in the case of three independent resistance genes. In the present analysis, contingency tests suggested that a second gene, located in the Co-3 region, can also play a role in reaction to race 73 in MDRK. However, the results obtained from the subpopulation analyses were not conclusive, either due to the population size or randomness. In any case, evidence found in the present study suggests the presence of two putative independent resistance genes to race 73: one located in the Co-1 region, derived from MDRK, and another in the Co-4 region, derived from SEL1308.
Results showed the usefulness of previously mapped RGAs in the identification of new resistance genes. Genes R 3 and R 7 were located from their linkage to marker PvM148, which was previously mapped in the position of the RGA RNF240 (LG Pv03) in the BAT93/Jalo RIL population (Hanai et al., 2010) . In plants, many characterized resistances genes are organized in clusters of loci, which encode R-proteins containing conserved domains such as serine-threonine kinases, nucleotidebinding site (NB), or leucine-rich repeat regions (LRR) (Dodds and Rathjen, 2010) . The bean genome contains a total of 376 genes with NB domain, and the majority of them are physically organized in complex clusters, often located at the end of chromosomes (Schmutz et al., 2014) . Molecular markers based on polymerase chain reaction using degenerate primers have been designed from these conserved sequences and located in the genetic map in different species. In common bean, several studies have located regions including RGAs and, in many cases, their relative positions colocated with resistance genes or previously mapped quantitative trait loci. Resistance gene analog markers were mapped on regions in which anthracnose resistance genes as Co-2, Co-3, or Co-4 were located (Mutlu et al., 2006) . In addition, genomic analysis reported by other authors have shown that genes encoding proteins with NB-LRR domains were organized in tandem on chromosome regions corresponding to the Co-3 and Co-2 clusters on LGs Pv04 and Pv11, respectively (Creusot et al., 1999; David et al., 2009; Geffroy et al., 2009) , so that it was not surprising to find a new anthracnose resistance gene in a region in which RGAs were previously mapped. All these findings suggest that a typical R-protein can be involved in the control of resistance to races 3 and 7 in SEL1308.
In silico exploration in the sequence of bean genotype G19833 revealed the presence of a typical cluster of R-genes between the physical positions 193,409 and 325,742 bp of chromosome 3. This cluster included seven predicted genes codifying for proteins with a NB-ARC domain. The microsatellite marker Pv3_3300a was developed from genes included in this cluster. Although the mapping software positioned the R 3 and R 7 genes at the beginning of LG Pv03, we cannot discard that any of these resistance genes correspond with one of the genes annotated in this cluster. It is noteworthy that establishing the relationship between the genetic and the physical maps is complicated. In fact, we found no complete correspondence between the physical position and the genetic order of marker loci (see position of markers B2, B5, and B6 in Fig. 1) . First of all, variations among bean genotypes such as structural changes in the chromosome (e.g., insertion, inversions, or translocations) or in the nucleotide sequence are possible. The in silico analysis, in this case, was performed using the sequence of the bean genotype G19833, which is available online. Second, many variables can affect the obtaining of a genome sequence, including coverage of the sequencing process and the algorithms and databases used for gene prediction and annotation (Yandell and Ence, 2012) . Third, genetic linkage maps are based on recombination fraction among loci and many factors can affect their estimation (e.g., accuracy in the phenotyping and genotyping and size of population). Interestingly, marker loci B6 and B5, developed from distant sequences at 332 bp (Supplemental Table S3 ), showed a genetic distance of 1.3 cM in the resulting linkage map (Fig. 1) , suggesting a higher recombination fraction in the telomeric regions than in other regions. On the other hand, considering the clusters included several R-genes, it cannot be discounted that several epistatic, closely linked genes were involved in the resistance reaction to a specific race. In this situation, recombinant events between resistance loci would not be detected, linkage could be overestimated, and the relative position of resistance loci on the map distorted.
This study contributed to increase the understanding of the genetic control of resistance to anthracnose in common bean. Results from this work revealed a new chromosomal region involved in resistance to anthracnose, located at the beginning of LG Pv03, where no anthracnose resistance genes have been previously identified. This result agrees with the identification of a cluster of genes encoding typical R-proteins in the underlying genomic position. Results also showed that although monogenic segregation can be observed in the response of a bean genotype against different races, it may be controlled by independent race-specific resistance genes, that is, gene 2 to race 73 (Young et al., 1998) and race specific resistance genes to races 3 and 7 in the bean genotype SEL1308. All of these findings demonstrate again that response of bean plants in the P. vulgaris-C. lindemuthianum interaction is complex, highly specific, and that different chromosome regions can take part. Depending on the bean genotype, specific resistance genes can be involved in the reaction to a certain pathogenic variant of the fungus. Thus, the description of an anthracnose resistance gene should be based on the bean genotype in which it has been identified and the C. lindemuthianum race or isolate used to identify that gene.
